Changes in Collembola richness and diversity along a land-use intensity gradient were studied in eight European countries (). In each country a set of six 1 km 2 land-use units (LUUs) were selected forming a gradient ranging from natural forest to agricultural dominated landscapes, passing through mixed-use ones. In addition to data on Collembola, detailed information regarding landscape diversity and structure was collected for each LUU. A total of 47,774 individuals were identified from 281 species. Collembola reacted not only to changes in the diversity of the landscape, but also to the composition of that diversity and the area occupied by each land-use type at each LUU. Although species richness patterns were not concordant among the different countries, the total number of species per LUU (landscape richness) was generally higher in natural forests and mixed-used landscapes, and lower in agricultural dominated landscapes. Moreover, high richness and diversity of ARTICLE IN PRESS www.elsevier.de/pedobi (J.P. Sousa).
Introduction
Land-use change is one of the primary factors determining patterns of biodiversity of soil organisms at local and regional levels (Lavelle et al., 1997; Bengtsson, 2002) . Human-induced disturbances connected to land-use practices, which often result in different levels of soil use intensity, may influence biodiversity positively or negatively, although those which have been used over the last century are usually connected with a loss of species (Bengtsson et al., 2000) .
Understanding the impact on biodiversity due to changes in land-use practices over spatial and temporal scales is essential for the development and implementation of effective measures to preserve biodiversity in human-disturbed landscapes. Only through the existence of appropriate monitoring programmes comprising a 'good set' of biodiversity and ecological indicators and adequate sampling schemes can this knowledge be acquired and refined (McGeoch, 1998; Niemela, 2000) .
Collembola can be considered good candidates to be included as biodiversity indicators among soil fauna in an ''indicator shopping basket'' (Stork, 1995) . Not only they are well represented in the soil system in terms of diversity, but they also respond to a variety of environmental and ecological factors, like changes in soil chemistry, microhabitat configuration, and forestry and agricultural practices (Hopkin, 1997) .
Despite the existing valuable information, most previous studies were conducted at relatively small spatial-scales, often at the 'habitat' level, which makes it difficult to extrapolate these findings to large-scale landscape scenarios. Studies aiming to evaluate the degree of change in Collembola diversity patterns induced by land-use intensification at the landscape scale are scarce (Chust et al., 2003a, b; Ponge et al., 2003) , highlighting the need for further information on the response of soil fauna to land-use at this spatial level.
As a part of a broader EU-funded project ('Biodiversity assessment tools-BIOASSESS', EVK4-1999-00280) , this study helps to fill this gap, by analysing the response of Collembola communities to a gradient of land-use units (LUUs), ranging from forest to agricultural-dominated ones, established in eight European countries representing different biogeographic regions. Specifically this paper aims to (i) analyse if the response pattern of biodiversity descriptors along the established gradient is similar between countries and (ii) to detect what are the main landscape features related to land-use explaining patterns in Collembola diversity.
Materials and methods

Study areas, experimental design and sampling
Sampling was conducted in eight European countries representing different biogeographical regions: Mediterranean (Spain and Portugal), Continental (France), Alpine (Switzerland), Pannonic (Hungary), Atlantic (UK and Ireland) and Boreal (Finland). In each country, a set of six 1 km 2 LUU1-6 were selected in an area where the characteristic vegetation type of the biogeographical region was represented. Each set of LUUs formed a gradient of land-use intensity ranging from forest-dominated LUUs to ones dominated by agriculture. The percentage cover of forest and open areas (agricultural crops, grassland/pastures) in each LUU per country are indicated in Fig. 1 .
At each LUU a grid of 16 sampling points, separated 200 m from each other, was established. At each sampling point Collembola were sampled by taking a soil core (5 cm diameter) including the organic horizon (when present) plus 5 cm in depth of the mineral soil. Collembola were extracted using dynamic behavioural methods (i.e., Berlese  0%  20%  40%  60%  80%  100%   PT6   PT5   PT4   PT3   PT2   PT1   SP6   SP5   SP4   SP3   SP2   SP1   FR6   FR5   FR4   FR3   FR2   FR1   HU6   HU5   HU4   HU3   HU2   HU1   CH6   CH5   CH4   CH3   CH2   CH1   IR6   IR5   IR4   IR3   IR2   IR1   UK6   UK5   UK4   UK3   UK2   UK1   FN6   FN5   FN4   FN3   FN2   FN1 Forest Shrubland Grassland/Pastures Agricultural crops Others Figure 1 . Percentage of area occupied by the major land-use types (forest, shrubland, grassland/pasture, agricultural crops and others) at each land-use unit. Values calculated using remote sensing information based on patch-type data.
or Macfadyen) and they were identified to the species level. Sampling was done in the spring of 2001 (France) or spring of 2002 (other countries).
Data analyses
Biodiversity patterns and relationships with landscape metrics were analysed at the LUU level (sum of the 16 samples inside each LUU). Biodiversity descriptors estimated were: species richness, Shannon, Evenness, Margalef, Simpson, Log a, Jack Knife and Whittaker b-diversity. A concordance analysis (Zar, 1996) was performed to compare the pattern of each descriptor among countries.
Landscape variables were obtained by remote sensing techniques using fused images derived from a Landsat 7 ETM satellite image with good spectral information and an IRS (1C or 1D, depending on the availability) image with good spatial resolution (5 m re-sampled). Both the multispectral and panchromatic images were chosen from a timeframe to cover the main vegetation period between end of May and September. The 5 m resolution fused product was visually interpreted and digitised using the software ArcView (version 3.x, ESRI, US) to extract the following land-use classes: coniferous, broadleaved, mixed forest with closed, open, and very open stands, agro-forestry, artificial surfaces like cities and roads, open spaces with no vegetation, agricultural crops, agricultural and natural grasslands, shrub land and heath land, wetland, and water bodies. These land-use classes followed a standardised protocol developed for the BioAssess project to ensure comparability of the results across the countries. Landscape structure in each LUU was quantified using four metrics: NP-number of patches of each land-use class existing in the landscape, AREA-percentage of area covered by each class; AREA_MN-mean patch area of each class, PR-patch richness, i.e., represents the number of classes in the landscape. All metrics were calculated using Fragstats (version 3.3, UMASS, US).
Relationships between biodiversity descriptors and landscape metrics were determined using partial correlation values, using country as a covariable (to account for biogeographic and country level variance when looking at the relationship with land-use). The visualisation of these relationships was achieved with a partial Redundancy Analysis (RDA) also using country as a co-variable. Furthermore, a GLM modelling of each biodiversity descriptor, using sample scores from RDA axis 1 as explanatory variable, was performed; the quad-ratic function and the Log as link function were used in the analyses (Leps and Smilauer, 2003) .
All classical statistical analyses were done using STATISTICA 6.0 software package (StatSoft, 2001) and all multivariate analyses and GLM modelling were done using CANOCO 4.5 software (Ter Braak and Smilauer, 2002) .
Results
Biodiversity patterns along the land-use gradient A total of 47 774 specimens were collected and identified into 281 species. Changes in the number of species and other species richness measures (Margalef, Log a and Jack Knife) along the land-use gradient did not follow a clear similar pattern in every country (Table 1) . However, with the exception of Spain, there was a tendency for mixed-use landscapes (LUU3-4) to present similar or even higher number of species when compared to LUU1. Low species numbers tended to occur in forest plantations (mainly displayed in LUU2) or in agricultural dominated areas. This trend is visible in the concordance analysis ( Fig. 2a ), although no significant differences were obtained, indicating that the pattern was not statistically similar among the countries.
Species diversity descriptors (Shannon and Simpson), although less discriminative than richness measures, showed an oscillating pattern, with a tendency to increase along the gradient (Table 1) . Concordance analysis showed this trend, but no significant differences were obtained here either ( Fig. 2b ). Whittaker beta diversity presented lower values on forest dominated LUUs and higher values on those LUUs representing mixed-use and agricultural dominated landscapes (e.g., LUU4-6) ( Table 1 ). The similarity of this pattern among all countries is given by the significant differences (Po0:01) found on concordance analyses (Fig. 2c ).
Landscape features governing biodiversity along the land-use gradient
Partial correlations with land-use metrics. The decrease of forested area along the land-use gradient ( Fig. 1 ) showed no significant relation with the number of species identified at each LUU ( Table 2 ). The possible loss of 'forest' species in LUUs dominated by grassland areas is partially compensated for, if not surpassed, by the number of species more common in open habitats. This was Table 1 . Biodiversity descriptors along the land-use gradient for each country This pattern was confirmed by significant positive partial correlation values between the average number of species on forested or open sampling points with the percentage of area covered by the corresponding land-use type at each LUU (Table 3) . Concordance analysis also reflected this trend, with a decrease of the average species number in forest habitats along the land-use gradient and the simultaneous increase of the average number of species on open habitats (Fig. 2d ). Significant differences were found on both concordance analyses, indicating that both patterns were similar among countries. However, and except for Hungary, this increase in species richness in open habitats along the gradient was more evident on grassland or pasture areas than on arable fields. This is confirmed by the significant negative correlation between the percentage of agricultural area with the total number of species (Table 2) . RDA and GLM. The relationship between biodiversity descriptors and the calculated land-use metrics can be visualised from the biplot resulting from the partial RDA (Fig. 3a) . Land-use metrics explained 24.8% of total variability of the response data (inter-sample variability was 20.5% and country explained 54.7% of total variation), and It is possible to observe an increase in the number of patches and in the area covered by grassland/scrubland and the associated decrease in the forest cover area from right to left along Axis 1 (Fig. 3a) . This is accompanied by an increase in land-use richness, thus contributing to a general increase in most Collembola richness and diversity measures. With the exception of b-diversity, all these biodiversity descriptors were not associated to the area covered by arable fields, positioned along Axis 2.
No of species
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GLM fit of the different descriptors (Figs. 3b,c) , using sample scores from Axis 1 of RDA as explanatory variable, allows a better visualization and interpretation of the relationship between the two sets of variables. All models were significant (Table 4) 
Discussion
Collembola diversity across the land-use gradient
Changes operated on the landscape across the selected land-use gradient significantly influenced Collembola richness and diversity patterns. In each country, differences across the LUUs reflected, among other features, changes in the dominant land-use type or types. Therefore differences in Collembola diversity when comparing the several LUUs were expected since this group of organisms is known to react to changes in land-use (Ponge, 1993; Filser et al., 1996; Lauga-Reyrel and Deconchat, 1999) .
The pattern observed on the several biodiversity descriptors along the land-use gradient was not common to all countries. Despite the tendency for LUUs dominated by natural non-managed forest (LUU1) and/or mixed-used landscapes to have the highest species richness at LUU level, the absence of a significant concordance in the patterns along the gradient can be attributed mainly to site-specific variation within each country. Although site-selection was done following the same criterion, the unavoidable geographical differences in landscape configuration led to discrepancies in the spectrum of land-use cover along the gradient in each country. As a consequence, those LUUs having higher percentage cover of land-use types often associated to impoverished Collembola communities, namely crop areas, presented a decrease in species richness. The low number of species in arable areas has been reported by several authors (Heisler and Kaisser, 1995; Alvarez et al., 2000 Alvarez et al., , 2001 , a fact connected to the type and frequency of management-induced disturbances occurring on these areas. In this study the situation in Ireland can be used to illustrate this point: LUU4, being a mixed-use unit, would be expected to have a higher species number; however, since crop areas occupy almost 50% of the area (Fig. 1) , species richness dropped to a level similar to that found in LUU6 (Table 1) .
Landscape features driving Collembola diversity
This study indicates that the change in species richness at LUU level along the gradient was not simply related to the percentage of forest cover, which prompts the question of which landscape related factors might regulate Collembola diversity at this larger and more complex spatial scale. In relation to the total species richness at each LUU, the reduction in the number of species on forested areas associated to the decrease in the percentage cover of this land-use type was, in most cases analysed, compensated by the increase in the number of species appearing in open areas. As reported by Sousa et al. (2004) for a Mediterranean cork-oak system, these could be not only those ''forest'' species having a broad distribution, with a better dispersal capability and able to adapt to open environments, but also unique ''open habitat'' species. This balance contributes to the similar, or even higher, species richness occurring in mixed-use landscapes in most countries, when compared to those dominated by native forests. This could be expected, and was corroborated by the consistent pattern of a higher b-diversity in mixed-used LUUs, since more land-use types increase the diversity of microhabitats, thus being able to support the existence of a richer community with species having different ecological and habitat requirements (Rusek, 2001) . However, it is important to identify which type of land-use represents those open areas in those mixed-use LUUs. Redundancy and GLM analyses indicate that grasslands, pastures and scrublands are more important than arable fields in supporting a high Collembola richness. This agrees with a previous study that considers grasslands as biodiversity ''hot spots'' within intensive agroecosystems (Gardi et al., 2002) . These findings indicate that not only the diversity of land-use types, but also the composition of that diversity, the area occupied and the number of patches of each land-use type, are among the landscape features governing Collembola richness and diversity at larger spatial scales. This is in agreement with Dauber et al. (2003) who found that landscape diversity and percentage cover of certain land-use types could act as indicators for species richness of bees and ants at the landscape scale. Despite this increase, or ''levelling off'', of total species richness in mixed-used LUUs when compared to the corresponding LUU1, results obtained also show that the average species richness at landuse level decreases on those mixed-use landscapes. This indicates that when the landscape is fragmented (often the case in mixed-use landscapes), species richness at habitat level tends to be lower than when the landscape is dominated by that single land-use type. This was evident in several countries, particularly in forested areas, and is similar to the result obtained by Ponge et al. (2003) , also for woodland areas. These authors attributed this phenomenon to a collapse of Collembola populations rather to the meaningful extinction of species, although Lauga-Reyrel and Deconchat (1999) found that forest fragmentation led to a loss of forest specialist species. In this case both situations occurred; the average number of individuals on forested areas showed also a tendency to decrease along the gradient, indicating a possible collapse of certain populations, but the loss of some forest species was also observed in some countries (Sousa, personal information) . This aspect is of paramount importance, namely when considering the fragmentation of native forests and when analysing their role in structuring regional biodiversity (Chust et al., 2003a, b) and acting as main donor areas in managed landscapes, improving spatial resilience in case of disturbance (Bengtsson, 2002; Bengtsson et al., 2003) .
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All these observations stress the importance of being cautious in interpreting and generalizing the relationships between biodiversity and landscape composition and structure, and also indicate that country specific (or region specific) information regarding, e.g., climate, management and land-use history, should be taking into account when doing so and incorporated when developing predictive models. Nevertheless, the data presented here revealed solid trends over an extended biogeographical range, indicating that diverse landscapes (composed of several land-use types) support a similar (in some cases, higher) regional (landscape level) Collembola richness when compared to native forests.
However, this does not imply that all landscapes should be transformed into heterogeneous mosaics, since the possible maintenance or increase in species richness at landscape level could be done at cost of a decrease in habitat species richness. The important is that all this information should be considered when addressing landscape planning and land management and its effect on the conservation of soil fauna and, ultimately, the soil system as a goods and services provider (Bolger, 2001) . When managing extensive and homogeneous areas (production forests, grasslands or crop areas), the maintenance of remnant patches (native vegetation), corridors or even the introduction of other patch types could be considered and implemented as active measures to improve diversity at landscape level (Samways, 1995) . However, a compromise solution has to be achieved in order to avoid intensive fragmentation with the risk of collapsing local species richness with the consequent result for regional biodiversity.
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